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Teachers of acid-base will remember the 20th century as the three-dimensional era. It was not the best of times for the students. They had no choice but to work their way through a program of three-dimensional complexities. There is the Henderson-Hasselbalch equation; and during this period a primary emphasis was given to the relationships in whole blood. These had been described with such elegance by Van Slyke et al. (6) in 1923. The framework they developed gave closely balancing significance to each of the three dimensions PCO 2 , HCO 3 Ϫ concentration ([HCO 3 Ϫ ]), and pH, but the relationships they described for isolated blood are not those for the whole body.
ONE DIMENSION FOR METABOLIC ACIDOSIS
In an earlier study, Palmer and Van Slyke (5) measured the amounts of sodium bicarbonate required to restore the extracellular concentration to normal in patients with metabolic acidosis. The blood system was bypassed, and the direct concern was with relationships in the whole body. Their findings (5) , published in 1917, provided the basis for the traditional, etched-in-stone, textbook formula used to calculate the dose of bicarbonate required for the treatment of metabolic acidosis: decrease in plasma bicarbonate (meq/l) ϫ 0.6 body weight (kg).
The last factor in the equation enables an approximation for the volume of all body water. Note particularly the total emphasis given to bicarbonate and the absence of any reference to pH. Palmer and Van Slyke (5) did not find a role for pH change in their studies, and none is included in the formula. One might have expected this omission of pH to have raised questions, because all through the intervening 80-year period, pH has been given such a prominent position on the abscissa of most diagrams. The two pieces of the framework, the formula and the diagram, do not fit together.
My interest in these relationships began while managing experiments for a student laboratory. The primary experiment was to observe the distribution of hydrochloric acid when infused into laboratory animals in a simulation of metabolic acidosis (Ref. 1, p. 82). The dose was 6 meq/kg, which should have been sufficient to react with all of the extracellular bicarbonate. Instead, we found that the bicarbonate had decreased by less than one-half, indicating that more than onehalf had been neutralized in the large intracellular compartment. Both the infused bicarbonate of the treatments and the injected acid of the experiments appeared to distribute relatively evenly throughout body water. In both cases, the measure of the abnormality (decrease or increase of excess acid) is the variation in the concentration of bicarbonate in the extracellular fluids.
An obvious next step was to study effects of alterations in pH on intracellular buffering. The pH was altered by varying the PCO 2 (4). The experimentally induced changes in extracellular pH could not be shown to make a difference in the quantity of the infused acid that was buffered in the intracellular fluids. Whereas Palmer and Van Slyke (5) gave no attention to pH in their studies of the treatment of metabolic acidosis, our observations found no association between pH change and buffering of the acid in the large intracellular compartment!
COMING TO GRIPS WITH THE WAY IT IS
We are conditioned to the fact that intracellular buffering by proteins, particularly hemoglobin protein in the red blood cell, occurs as a strict function of change in pH. It would seem a large step to accept the absence of such association, but we cannot ''dodge the bullet.'' As additional evidence, consider the fact that the large changes in extracellular pH, which occur with breath holding and hyperventilation, do not appear to affect intracellular buffer capacity. Any changes in the content of acid buffered in the cell fluids would produce a shift of acid between the compartments and necessarily a change in the extracellular bicarbonate. These effects are not seen.
As a follow-up to our study (4), discussions were published (2, 3) with the intention of calling more attention to this dissociation between intracellular buffering and change in extracellular pH. However, success has been questionable. Writers of textbook chapters can be expected to be hesitant to grant full credence to such an unorthodox, and yet undeciphered, reaction sequence.
[HCO 3 ؊ ] AND PCO 2 : two suffice A change in the concentration of bicarbonate can readily claim primacy as the most used, and most useful, measure of metabolic disorder-and as a single marker-without reference to change in pH. A change in PCO 2 , almost by definition, is the measure of the respiratory disorder, again, as a single marker.
It is obvious that the physicians cannot call to mind the full complexities of the usual three-dimensional diagrams while working through a diagnostic problem at the bedside. Simplification is definitely in order. Narrowing the field from three to two dimensions is a solid first step. As developed in preceding paragraphs, these two dimensions should be [HCO 3 Ϫ ] and PCO 2 .
How then do we navigate with just two? In answer, we return to the Henderson-Hasselbalch equation, but this time around we give full attention to the final ratio, the ratio of the value of the numerator, [HCO 3 Ϫ ], to that of the denominator, PCO 2 . It is immediately apparent that the value with the greater proportional change controls the pH and, in all probability, signals the primary event, but it is not quite that simple. There is the problem of the units. For example, take the case of a decrease in [HCO 3 Ϫ ] of 10 meq/l and a decrease in PCO 2 of 10 mmHg. There are two types of individuals who would have no difficulty assessing the significance of these data. The first is the experienced clinician, who is immediately familiar with these values. The second is the mathematician, who quickly identifies which of the two shows the larger deviation on a proportional basis. Now, as a convenience for the rest of us-a solution. ] serves to designate a primary, ''metabolic'' event. The smaller change in PCO 2 then takes its place as a compensatory, ''respiratory'' response. These changes, and the size of these changes, would be ''right out front,'' calling the physician's attention, at once, to the primary aspects of the disease, to the extents of the abnormality, and to the needs for treatment.
THE SOLUTION

THE ROLE OF pH
There is no question as to the central role of pH. The direction of change in pH immediately identifies acidosis or alkalosis. The pH is clearly targeted by the compensatory mechanisms. However, pH falls short as a partner of equal pathogenic significance. The pH change is but a reflection, locked into the relative changes in [HCO 3 Ϫ ] and PCO 2 . The role of pH in acid-base disease can be likened to that of fever in infectious disease; both measure the gravity of the illness, but both supply only incomplete information as to what is the primary nature of the disorder and what is needed for repair. It is better to move directly to the abnormalities in [HCO 3 Ϫ ] and PCO 2 than to start with the reflection (the pH) and work backwards.
The large contribution of buffering by hemoglobin protein justifies the role for pH as a valid player in a three-dimensional quantitative analysis of the relationships in isolated blood. However, in comparison to total buffering for the whole body, the contribution of the red blood cells is small (ϳ2%), and we are unable to identify a significant other source of buffering that is dependent on change in pH. The abnormalities are then related to, and described by, changes in the other two dimensions, [HCO 3 Ϫ ] and PCO 2 . The three-dimensional diagrams are still utilized in today's textbooks but with a different orientation, giving emphasis to the empirical. These diagrams display averaged results taken from clinical studies, data chosen as representative of the usual values for the four primary acid-base categories. The diagnosis is then made on the basis of the quadrant matching the data. Of course, with clinical experience one can work directly with the data as reported by the laboratory or with the two numbers derived on the percentage basis. Plots on the diagrams do enable quantitative visualization of deviations from the ''usual'' in cases of combined disease, metabolic and respiratory.
MYSTERY OF BUFFERING MECHANISM IN INTRACELLULAR FLUIDS OF NUCLEATED CELL TISSUES IN METABOLIC ACIDOSIS
Whether we are dealing with infusions of bicarbonate, for the treatment of metabolic acidosis (5), or with injections of hydrochloric acid, in the student experiments (Ref. 1, p. 82), the neutralization reactions appear to be distributed relatively evenly throughout all body water. Hence, the major portion of the buffering must occur in the large intracellular compartment. Unfortunately, we know too little about the intracellular events. We enter uncharted waters. When Palmer and Van Slyke (5) described the close association between buffering in the whole body and utilization of extracellular bicarbonate, the logical conclusion appeared to be that the intracellular buffering also utilized bicarbonate. This probability was investigated by Wallace and Hastings (7) in 1947. They studied electrolyte changes in muscle tissue. The results were unexpected. They found the intracellular concentration of bicarbonate to be only 10 meq/l; and in addition, they could find no meaningful variations in response to extracellular change. A decrease in the extracellular bicarbonate concentration in experimental metabolic acidosis was not accompanied by a decrease in intracellular bicarbonate concentration. Their findings of a relatively fixed cell bicarbonate concentration have been confirmed by many investigators and, to the author's knowledge, never seriously challenged (Ref. 1, p. 73).
The implications with respect to intracellular buffering are profound. Not only does the absence of a change in bicarbonate concentration provide evidence against a role as a primary buffer but also the buffering, which is dependent on change in pH, is affected. Consider the effects of respiratory variations if there were no change in bicarbonate concentration. Biological membranes have a high permeability to CO 2 . Intracellular changes in PCO 2 can be assumed to follow closely extracellular changes. Any degree of respiratory compensation would reduce the PCO 2 in the cells and raise the pH. The capability for intracellular buffering would be reduced, even reversed. Buffering end groups of the proteins could donate rather than accept hydrogen ions.
To sum up briefly, the presence in intracellular fluids of bicarbonate and an abundance of protein would seem to set the stage for their participation as important buffering agents. However, there is evidence to the contrary, indications of lesser roles. Chemical measurements have not shown significant decreases in the intracellular bicarbonate concentration in experi-ments designed to simulate metabolic acidosis, and observations of extracellular markers have not brought fourth evidence of pH dependence as required for protein buffering. Alterations in pH are not associated with measurable shifts of acid load to, or from, the intracellular compartment. This evidence of a diminished importance of pH-dependent buffering by intracellular proteins compliments the evidence of diminished importance of pH change in the diagnosis of metabolic acidosis. If we accept that there is no more than a minimal involvement of both bicarbonate concentration and pH dependence, what then is the main or primary source of the buffering? The question is unanswered. At this time, the nature of the mechanism of buffering in metabolic acidosis as it is achieved in the tissues (nucleated cells) is not understood.
THE PHYSIOLOGY TEACHER
The identification of the key role of bicarbonate concentration change in metabolic acidosis by Palmer and Van Slyke (5) greatly facilitates for the physician, in the hospital, the understanding of problems relating to diagnosis and treatment. On the other hand, the teacher, in the physiology course, is placed in a difficult position. The buffering in metabolic acidosis in cells other then blood relates to a change in bicarbonate concentration in the extracellular fluids rather than to a change in pH. In particular, the absence of relation to change in the ambient concentration of hydrogen ions of the extracellular fluids will raise questions. Students fresh from their courses in physical chemistry will not be immediately receptive to the idea of such disconnection. This difficulty for the instructor will continue until the details of the mechanism of the buffering in the non-blood, nucleated cell tissues is explained.
Nevertheless, we do have a firm grip on the quantitative relationships. These are well established and form a firm foundation on which to build a less burdensome diagnostic approach based on two, rather than three, dimensions.
